Gap junctions allow direct intercellular coupling between many cells including those in the blood vessel wall. They are formed by a group of related proteins called connexins, containing conserved transmembrane and extracellular domains, but unique cytoplasmic regions that may confer connexin-specific physiological properties. We used polymerase chain reaction amplification and cDNA library screening to clone DNA encoding a human gap junction protein, connexin37 (Cx37). The derived human Cx37 polypeptide contains 333 amino acids, with a predicted molecular mass of 37,238 D. RNA blots demonstrate that Cx37 is expressed in multiple organs and tissues (including heart, uterus, ovary, and blood vessel endothelium) and in primary cultures of vascular endothelial cells. Cx37 mRNA is coexpressed with connexin43 at similar levels in some endothelial cells, but at much lower levels in others. To demonstrate that Cx37 could form functional channels, we stably transfected communication-deficient Neuro2A cells with the Cx37 cDNA. The induced intercellular channels were studied by the double whole cell patch clamp technique. These channels were reversibly inhibited by the uncoupling agent, heptanol (2 mM). The expressed Cx37 channels exhibited multiple conductance levels and showed a pronounced voltage dependence. These electrophysiological characteristics are similar to, but distinct from, those of previously characterized connexins. (J. Clin. Invest. 1993. 91:997-1004
Introduction
Gap junctions are plasma membrane specializations containing intercellular channels that coordinate tissue function by allowing cell-to-cell passage of ions and small molecules. Biochemical and molecular studies have demonstrated that gap junction channels are formed by members of a family of proteins called connexins ( 1) . Topological studies suggest that the extracellular and transmembrane regions of all connexins are highly conserved, whereas the cytoplasmic domains are nearly unique to each protein. These connexin-specific sequences may provide unique physiological channel properties. Thus, the channels derived from cloned connexin DNAs expressed in Xenopus oocytes or transfected cells show different biophysical characteristics, including unitary conductance and voltage de- pendence (2) (3) (4) (5) (6) (7) (8) (9) .
We have been trying to characterize molecularly the gap junctions between cells of the cardiovascular system, where they play crucial roles in electrical and metabolic function. We have shown that chick heart cells and canine cardiac myocytes express three different gap junction proteins, connexin43 (Cx43),' connexin45 (Cx45), and connexin40 (Cx4O, dog) or connexin42 (Cx42, chick) (10, 11) . These multiple cardiac myocyte connexins likely account for the multiple gap junction channels and voltage-dependent properties observed in these cells ( 12, 13) .
The cells ofthe blood vessel wall also contain gap junctions and express a multiplicity of connexins. Larson et al. ( 14) reported that endothelial cells, vascular smooth muscle cells, and pericytes all express the same gap junction protein, Cx43. Lash et al. ( 15) cloned Cx43 cDNA from bovine aortic smooth muscle cells. However, Moore et al. ( 16) recently demonstrated that A7r5 rat aortic smooth muscle cells express two physiologically distinct gap junctional channels, and Beyer et al. ( 17) demonstrated that these cells express two connexins, Cx43 and Cx4O.
In the present study, we have identified and molecularly characterized a novel connexin, human connexin37 (Cx37), which is expressed in another component of the blood vessel wall, the endothelial cell. In fact, in some endothelial cells, the steady state mRNA levels for Cx37 are similar to those for Cx43, suggesting that this may be a relatively abundant connexin. In addition, we have demonstrated that the protein encoded by this sequence can form functional cell-to-cell channels. Electrophysiological characterization of those channels demonstrates that they have unique voltage-dependence and unitary conductance properties.
Methods
DNA cloning and sequencing. The initial fragment of mouse Cx37 was amplified from mouse genomic DNA isolated from J774 cells as described in Beyer and Steinberg (18) . We used the PCR (19) with a degenerate/consensus primer corresponding to a conserved sequence in the first connexin extracellular loop (AACACTCTGCAGCCTGGC-TGTA/GAG/C/AAACGTCTGCTAC/TGAC) and an antisense primer corresponding to the second connexin extracellular loop (AGCATG- ATGATCATGAAGAT/cGGTT/cTCNGTGGG). Restriction sites (XhoI and Bcl I, respectively) were incorporated into the primers to A cDNA library in lambda gtl 1 prepared from human umbilical vein cells (20) was a gift from Dr. J. Evan Sadler (Washington University, St. Louis, MO). The cDNA library was screened by hybridization with the DNA fragment ofmouse Cx37 according to Beyer et al. (21 ) to isolate the full-length human sequence.
DNA sequencing was performed using plasmid templates, Sequenase enzyme (U.S. Biochemical Corp., Cleveland, OH), and oligonucleotide primers as previously described ( 10) . Both strands of the fulllength Cx37 cDNA were fully sequenced. DNA sequence acquisition and initial analysis was performed using software (Microgenie; Beckman Instruments, Palo Alto, CA) running on an IBM-compatible microcomputer (22) . Protein sequence alignments and comparisons were performed using the CLUSTAL program (23) with the PC Gene software (IntelliGenetics, Mountain View, CA).
DNA and RNA blots. Human genomic DNA was a gift from Dr. Morey Blinder (Washington University, St. Louis, MO) or was purchased from Promega Corp. The genomic DNA was digested with restriction enzymes, electrophoresed in 1% agarose gels, and transferred to nylon membranes as previously described (24) .
For RNA analyses, most tissues were obtained from normal adult rats and mice. Uteri were obtained from 19- KS) , lx non-essential amino acids (GIBCO/BRL), 2 mM L-glutamine, and 100 U/ml penicillin and 100 Ag/ml streptomycin (GIBCO/BRL). A7r5 and other cell lines were grown in DME (GIBCO) supplemented with 10% fetal calf serum (JRH Biosciences) and 100 U/ml penicillin and 100 ,ug/ml streptomycin (GIBCO/BRL). Primary cultures of bovine aortic, bovine retinal microvascular, and human umbilical vein endothelial cells, rat aortic smooth muscle cells, and bovine retinal pericytes were isolated and cultured as described previously ( 14) .
Connexin cDNA transfection. The full-length human Cx37 cDNA was cloned into the EcoRI site ofpSFFV-neo (27) [31] demonstrates that it corresponds to nucleotides 174-630 of mouse Cx37.) High stringency Northern blots performed using this sequence as probe identified an mRNA of -1.7 kb, which was expressed in many different tissues, but was particularly abundant in endothelial cells (see Fig. 4 ). Therefore, to obtain the full-length sequence for this connexin, we used this mouse DNA fragment as probe to screen a cDNA library prepared from human umbilical vein endothelial cells. This cDNA appeared to be relatively abundant in the library, since on rescreening with part of the human sequence we obtained 18 positives from -200,000 plaques. Portions of four different clones were sequenced; all overlapped without discrepancies. The sequence of this human connexin cDNA is shown in Fig. 1 . It contains 1,601 nucleotides and ends with a poly(A) tail preceded by the poly-adenylation signal AATAAA (32) at bases 1572-1577. There is a long open reading frame that begins with the first ATG (contained within an appropriate consensus for translational initiation) (33) at base 65. This human cDNA sequence encodes a polypeptide of 333 amino acids with a predicted molecular mass of 37,238 D, which we have therefore termed human Cx37.
Comparison of human Cx37 to the amino acid sequences of other connexins ( ences from the rodent sequences fall in regions predicted to be in the cytoplasmic carboxyl-terminal tail. Fig. 3 , the Cx37 cDNA probe hybridized only to single bands in multiple enzyme digests, suggesting that human Cx37 is a single copy gene. The uniqueness of the Cx37 gene is confirmed by the difference between this blot and published Southern blots probed with other human connexins (30, 36) . The blots also suggest that, like other connexins, the Cx37 coding sequence contains no introns. PCR amplification using primers derived from the coding or 3'-untranslated regions of Cx37 gave identical products from genomic DNA or from the cDNA, further supporting the absence of introns in these regions (data not shown).
Expression of Cx37 mRNA. To determine the pattern of expression of Cx37, we performed Northern blot analysis of total RNA isolated from many rodent or bovine organs and tissues. Fig. 4 shows filters probed at high stringency with the probe for mouse Cx37. Cx37 hybridization was most prominent in heart, uterus, and ovary, but low levels were also detected in many other tissues.
Since Cx37 mRNA was expressed in so many locations, we examined its expression by established cell lines and primary hybridization to both the 1.7-kb Cx37 mRNA and the 3-kb Cx43 mRNA. Cx37 and Cx43 both showed strong hybridization to RNA from cultured bovine aortic endothelial cells, although the relative abundance of Cx37 appeared somewhat less than in the tissue. The relative amounts ofCx37 and Cx43 hybridization appeared nearly identical in two different preparations of RNA from first passage cultures of bovine aortic endothelial cells. In RNA from cultured bovine retinal microvascular endothelial cells, Cx37 hybridization was much less than Cx43, and in RNA from the nonendothelial bovine pericytes, only Cx43 was detected. These Northern blots suggest that both Cx37 and Cx43 are endothelial connexins, since the mRNAs are so abundant in the freshly isolated tissue and in such homogenous primary cell cultures. We have no data suggesting that Cx37 in these preparations could derive from other contaminating cell types. Cx37 mRNA was not detectable in RNA prepared from peripheral blood monocytes, monocytederived macrophages, lymphocytes, aortic media, or cultured vascular smooth muscle cells (data not shown). The integrity and relative equivalence of loading of these RNA samples was confirmed by hybridization with the actin probe (Fig. 5) . The Cx4O probe did not show significant hybridization with these RNA samples (data not shown).
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Functional expression of Cx37. To verify that Cx37 was indeed capable of forming functional cell-to-cell channels and to study the biophysical properties ofthose channels, we stably transfected the communication-deficient cell line N2A with the human Cx37 cDNA. We have recently used this system to examine the macroscopic and junctional currents induced by three chick embryo cardiac connexins (9) . The parent N2A cell line shows no detectable gap junctional channels when screened by double whole cell patch clamp recordings and shows no detectable connexin expression as assayed by Northern blotting with probes for Cx26, Cx3 1, Cx32, Cx37, Cx4O, Cx42, Cx43, Cx45, Cx46, and Cx56 (data not shown). Connexin-transfected N2A clones were selected in G418. RNA blot analysis of total RNA prepared from the transfected cells demonstrated that they expressed Cx37 mRNA, whereas no hybrid- pulses were applied to paired Cx37-transfected N2A cells. Instantaneous and steady state junctional currents were measured from the first and last 10 ms of each Vj pulse and junctional current-voltage (Ij-Vj) relationships were determined for each experiment. In all experiments, the instantaneous IiVj relationships were linear, whereas the steady state Ij-Vj relationships were nonlinear. To illustrate these differences, the steady state gj was normalized to the instantaneous gj of each pulse and resulting normalized steady state junctional conductance (G.) was plotted as a function of Vj for each experiment. The average instantaneous and normalized steady state gj-Vj relationships for Cx37 are illustrated in Fig. 8 . Cx37 conductance underwent a significant reduction (> 20%) in GSS even at low V. values (< ±20 mV). The experimental minimum steady state junctional conductance (Gmin) at ±100 mV was 0.23-0.30.
The G. -Vj curve for Cx37 was mathematically represented by the two-state Boltzmann relationship used to deization was detected in cells transfected with vector alone (Fig. 6 ).
Clones testing positive for connexin expression were examined for functional coupling using the double whole cell recording technique. Electrical communication was evident in 60% of the pairs examined. Junctional conductance (g3) averaged 4.45±1.03 nS (±SEM, n = 7) for Cx37-transfected cell pairs. The external application of pharmacological uncouplers, 1 mM 1-octanol or 2 mM 1-heptanol, reversibly inhibited gj by > 90% (n = 5 pairs) (see Fig. 7 ).
In many gap junctions, conductance can be modulated by transjunctional potential (Vi) gradients (for review see reference 37). To examine the Vj sensitivity of gj for Cx37, Vj ELAPSED TIME (MIN) Figure 7 . Heptanol blockade of Cx37-induced junctional conductance. Steady state gj (G.) was determined from the end of 5-s pulses to Vj = ±40 mV applied at the rate of 4/min to a Cx37-transfected cell pair. The top current trace corresponds to the junctional current (Ii) measured in the nonpulsed cell whereas the currents from the pulsed cell are shown below (In -Ii). 9 s of each recovery interval (Vj = 0 mV) between successive pulses were deleted from the current traces for clarity of presentation. G dropped from a control value of 9.87 to 0.82 nS during rapid exposure to 2 mM heptanol added to the bath by bolus injection. Heptanol blockade was slowly reversible by superfusion with normal saline (2 ml/min, 2 ml bath vol). 
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A B C scribe other Vj-dependent gap junctions (Fig. 8 b) (46) . Cardiac myocytes express Cx4O, Cx43, and Cx45 (11) . A7r5 smooth muscle cells express Cx4O and Cx43 (17) . Keratinocytes and leptomeningeal cells both express Cx26 and Cx43 (47, 48 relationship for mouse Cx37, apparently because of the inability of the oocyte voltage clamp to obtain Gj measurements during the first 20 ms of each Vj step. We did not observe any fast time constants (< 20 ms) within the ± 100 mV range that could account for these differences between mouse and human Cx37.
It may be that these differences are functional consequences of the differences between the mouse and human sequences. However, the differences may also simply reflect differences of properties observed by voltage clamp in Xenopus oocytes and by whole cell patch clamp in transfected cells; Cx43, for instance, shows differing voltage-dependence properties in the two systems (3) (4) (5) . Resolution will require expression ofthe mouse and human sequences in both systems. However, ifthe differences are confirmed, mutagenesis experiments to locate residues responsible for voltage dependence should be very straightforward; there are 2 10 amino acid differences (all in predicted cytoplasmic locations) that represent charged amino acid substitutions.
This study provides the first observations of single Cx37 channels. The Cx37 channels exhibited multiple conductance levels of -219, 165, 123, and 53 pS at low voltages, but appear to be modulated by Vj since unitary conductances of only -94, 69, and 39 pS were present at Vj values 2 80 mV. Similar Vj-dependent shifts in channel conductances have been observed in embryonic chick heart gap junctions (49) .
Finally, these electrophysiological observations demonstrate that Cx37 channels have different biophysical properties than other molecularly characterized connexins (5) (6) (7) . The significance of voltage dependence or unitary conductance of gap junction channels is not known, but these have been the beststudied and quantitated properties. These differences raise the possibility that Cx37 channels might also differ from other connexins in other biologically important properties, such as ion and metabolite permeability or response to intracellular modulators.
